Introduction
Soundproof walls are usually installed along viaducts to reduce trackside noise. In recent years, demands to install high performance soundproofing panels along the top of existing walls to markedly improve noise reduction performance in the vicinity of railway tracks has been accompanied by an increase in train running speeds and a growing number of tall buildings near railway lines. As soundproofing systems are built higher and higher, however, the wind load and moments exerted on them also increase. This means that any measure raising the height of a sound proofing wall would have to be accompanied by drastic reinforcement of the viaduct to maintain safety. Alternatively the height of the soundproofing system would have to be restricted. Against this backdrop a new type of soundproof system called SSRW (soundproofing system equipped with a mechanism of reducing wind load) was developed [1] . The SSRW is composed of a soundproof plate and supporting frames. The plate in its frames is closed under normal conditions, but will be opened in the case of strong winds exceeding a load of 1.5kPa in order to maintain viaduct safety.
The movement of the soundproof plate in the SSRW is controlled by magnetic attractive force of permanent magnets. Consequently, it is necessary to be able to predict the magnetic attractive force of the magnet arbitrarily by conducting a magnetic field analysis, in order to improve product design. As such an attempt was made to calculate the magnetic attractive force of the magnets used in a miniature prototype of the SSRW described in [1] by magnetic field analysis.
With a view to developing the SSRW for practical use, it was also necessary to verify the mechanism in windy conditions, and the soundproof properties when the sound plate remains closed using a full-scale prototype. To this end load tests and wind tunnel tests were performed using a full scale prototype of the SSRW in a large-scale lownoise wind tunnel. Sound proofing properties were also measured on this occasion according to JIS standards.
Specifications of the developed soundproof system

Specifications
The specifications to be satisfied by the SSRW were as follows; (1) The acoustic transmission loss of the soundproof plate should be more than 16dB (all pass value for frequency component); (2) The performance of wind load reduction of the system should be more than 50 ％（3kPa of wind load should be reduced to less than 1.5kPa）; (3) The size of the system in the direction vertical to the rail should be less than 200mm; (4) Easy maintenance (as a standard maintenance guide, inspections are required only every two years).
(1) Regulation one exists for the following reason: as a result of the calculation of the trackside noise by a sound prediction method referred to in [2] , the acoustic transmission loss of the soundproof plate should be more than 16dB so that the SSRW obtains effective reduction properties for the trackside noise at a point 25m distant from the center of the nearside track even when the train runs at a speed of 360km/h due to forecast increase in running speed in the near future. (2) Regulation one exists for the following reason; as a result of inspection of the strength of the railway viaduct when strong natural wind with a load of 3kPa (the maximum value of the wind load assumed in the design of viaducts) blows, the wind load exerted on the SSRW should be less than 1.5kPa to ensure safety of the viaduct. Requirements (3) and (4) were mainly the request of railway companies. Figure 1 shows the structure of the SSRW. The SSRW is composed of a soundproof plate and supporting frames. The top side of the soundproof plate is supported by a rotary axis, and all or some of the three sides other than the supporting axis of the soundproof plate are fixed by magnetic force from permanent magnets. The soundproof plate usually remains closed and opens in case of strong winds with a load exceeding 1.5kPa.
New structural design for sound and wind load reduction
Here, wind load means the uniform pressure applied by the wind, and has a relationship with wind velocity given by the following equation.
where, p E is uniform pressure (Pa), r is density of air (1.2kg/m 3 ), C D is drag coefficient (2.0 for a uniform simple plate), v is window velocity (m/s) By (1), it is found out that the wind velocity is about 35m/s when the wind load is about 1.5kPa and the window velocity is about 50m/s when the wind load is about 3kPa
Because the SSRW is composed of only simple elements, it satisfies specifications (3) and (4) .
When the soundproof plate in the SSRW opens, the trains will be stopped because of the strong wind. On the other hand, the soundproof plate remains closed during train operation since the wind load caused by a passing train is presumed to be below 1kPa [3] . Data about the wind load of passing trains is insufficient however so there are plans to collect more such data to ascertain that the soundproof plate does indeed remain closed when trains are passing. 
Mechanical analysis
The mechanism when the soundproof plate in the SSRW is opened by the wind load can be described as follows. The mechanical equilibration when the soundproof plate remains closed is shown in Fig. 2 . Figure 2(a) shows the case when a uniform wind load is applied to the plate; Fig. 2(b) is an illustration of when a concentrated force is applied to the plate. Firstly, the case of Fig. 2(a) is examined. Now, let p E be a wind load uniformly applied to the plate, R A , R B are the reacting forces applied to side A (corresponding to the rotary axis supporting the soundproof plate) and side B, the following equation is given considering the equilibration in the direction vertical to the plate.
R R p bh
Where b is the width of the soundproof plate (m), h is the height of the plate (m) Next, the case of Fig. 2 (b) is examined. When a concentrated force is applied at a point which is positioned in the center of the plate width and at x distance from the supporting axis in the gravity direction, because the moment F×x by the concentrated force F is equilibrated with a moment by R B , the relationship between F and p E is expressed by the following equation. 
Magnetic field analysis
Because the movement of the soundproof plate in the SSRW is controlled by magnetic attractive force of permanent magnets, we tried to conduct a magnetic analysis of the magnets used in a miniature prototype of the SSRW described in [1] . Figure 3 shows the outlook of the miniature prototype. Its structure is based on the SSRW described in 2.2. However, the soundproof plate is made of phenol resin and the size of it is about 300mm in width×300mm in height× 5mm in thickness. In this prototype, steel plates of about 1mm thickness are attached on the three sides other than the supporting axis of the soundproof plate and permanent neodymium magnets are set on the surface of the supporting frames facing the soundproof plate sides to which the steel plates are attached. The steel plates and the magnets are set to touch each other. The size of the magnets is about 17mm in width×12.5mm in length×5mm in thickness, and the magnetic attractive force vertical to the magnetic surface (face of 17mm×12.5mm) is about 37N according to the magnet manufacturer specifications. In this prototype, up to ten magnets per side of sound roof plate could be set, and the magnetic attractive force was adjusted by changing the number of magnets. Figure 4 shows an analytic model. In the analysis, a model was made of one magnet and a part cut from the steel plate attached to the soundproof plate vertically to the magnet surface along the lines which were situated at the center between two adjacent magnets. The magnetic fields analysis was done by general software called "Elfmagic". The magnetic attractive force in the direction parallel to the magnetic surface F my , and the magnetic attractive force in the gravity direction F mz were calculated while monitoring the correlation with d y which means the distance between both centers of the soundproof plate and the magnet in the direction vertical to the surface of the soundproof plate, to investigate properties at the moment of initial movement of the soundproof plate.
Analytical model and method
In the magnetic field analysis sets of B (magnetic flux) and H (magnetic field) forming magnetization properties were used as input values. The profile of the magnetization property curve is well-known. Therefore, if a remnant magnetic flux density of B r , which is a value B when H is zero, and coercive force H bc which is a value of H when B is zero, are given, all values of B and H belonging to the magnetization curve can be obtained. In this analysis, 1.17 T was used as B r and 868kA/m as H bc referring to the values provided magnet manufacturer [4] . B r and H bc values for the steel plate were based on the general values provided in publicly available information from the magnet producer. Figure 5 shows the analytical results of F mz and F my . F mz had a maximum value when d y was zero, which means both the center lines of the soundproof plate and the magnet were aligned, and simply decreased with an increase of d y . On the other hand, F my increased in the range of d y . up to 8mm, peaking at 8mm of d y .
Analytical results
The maximum value of F mz was calculated at about 29N, which was smaller than 37N, the spec in the manufacturer specifications. The reason for the difference is that while the catalog value is given when all magnetic surfaces of the magnet are in contact with the steel plate, in the magnetic analysis only part of the magnetic surface is in contact with the steel plate. 78% which is the rate of the maximum value of calculation of F mz in relation to the catalog spec agrees approximately with the contact area between the magnet and the steel plate as a share of the total possible contact area of the magnet's magnetic surface.
The maximum value of F my was calculated at about 7N. This value agrees approximately with 6.8N derived by dividing the reacting force R B by the number of magnets, 10. R B is obtained by substituting 1.5kPa for P E of (2). Moreover, it was recognized in the wind tunnel tests that the wind load required to open the soundproof plate in the miniature prototype agreed approximately with 1.5kPa when 10 magnets were set only on the bottom side of the soundproof plate, which correlated with the assumption in the magnetic field analysis.
From this examination, it was verified that the magnetic attractive force of the magnet set on the soundproof plate in the SSRW can be roughly predicted by a magnetic field analysis.
Verification of properties of the SSRW with fullscale prototype
To verify the practical mechanism and soundproof properties, a load test and wind tunnel test were performed in a large-scale low-noise wind tunnel and measurement of the soundproof properties were made according to JIS standards using a full-scale prototype. Figure 6 illustrates the full-scale prototype. It is assumed that on railway viaducts, three unit plates, whose size is 2.96m (in the direction along the rail)×1m (in the gravity direction) would be installed on the existing soundproof walls. In these verification tests, one unit plate was used as a prototype.
Structure of the prototype
This prototype was built by inserting a soundproof panel between two pillars made of steel. The soundproof panel was a soundproof plate made of transparent polycarbonate 8mm thick with steel inner and outer frames. The soundproof plate and the inner frame were supported by a rotary axis and a set of magnets was fixed only along the bottom of the panel. In the practical prototype, four sets of neodymium magnets were used. In each set the magnets were set in pairs opposite each other in the outer and inner frames. In the practical prototype, the magnetic attractive force was adjusted by changing the distance between the two facing magnets. The profile of the magnets was as follows. ・ Size of magnetic surface was about 80mm×16mm and thickness was about 10mm. ・ B r ：1,18 ～ 1.25T, H bc ：1026 ～ 1100kA/m
In order to produce a prototype which could later be applied to actual viaducts while keeping the soundproof plate's ability to rotate, the following devices were introduced:
(1) Magnets were set separately on the inner and out- er frames out of contact with each other to prevent the magnets set on the frames from interfering with the movement of the soundproof plate. (2) Because of (1), a space was generated between the inner and outer frames. The gap remained along the lateral sides of the plate therefore rubber strips were pasted to both the lateral inner surfaces of the inner and outer frames to prevent sound leakage. The rubber selected was soft enough not to interfere with the movement of the soundproof plate.
Load test
Load tests were carried out to measure the concentrated load when the soundproof plate opens in the practical prototype. The loads were applied at two points positioned on the inner frame at about 0.44m from the center of the plate width ways and 0.77m down from the rotary axis. These points were connected to the load testing machine AG-300kNIS (SHIMADZU Co. Ltd.) with wire ropes. The soundproof plate and the inner frame were pulled by the machine at a speed of about 500mm/min, and the load was measured at the time of the soundproof plate opening.
Test results revealed that the load when the soundproof plate was opened increased as the magnetic attractive force grew, when the distance between facing magnets was reduced. Substituting 1.5kPa, 2.6m and 0.77m for P E , b, and x in (3) respectively, the concentrated load which is mechanically equivalent to a uniform wind load of 1.5kPa, is calculated at about 1.6kN for the practical prototype. Load tests revealed that with the practical prototype, just like with the miniature prototype, it was possible to adjust the magnetic attractive force along the bottom of the panel by changing the distance of the facing magnets so that concentration force is 1.6kN, which translates to a distance of about 5mm.
A magnetic field analysis of the practical prototype was also performed. The resulting calculated magnetic attractive force between a set of facing magnets, at a distance apart of about 5mm, was approximately 380N. The magnetic attractive force was presumed to be about 1.5kN along the entire length of the bottom side of the soundproof prototype panel. This value agrees with that of the reacting force derived by substituting 1.5kPa for P E , in (2).
Wind tunnel test
In order to verify the opening of the soundproof plate in the practical prototype, a large-scale wind tunnel test was carried out.
The prototype was set vertically at a distance of about 3m from the nozzle of the wind tunnel so that the wind was uniformly and vertically applied on the surface of the soundproof plate. The wind velocity was measured by a Pitot tube set about 3m away from the nozzle of the wind tunnel on the upper side of the wind flow.
To measure roughly load applied on the soundproof panel, the horizontal loads were measured by strain gages embedded in the bolts set in the four corners of the outer frame of the sound proof panel.
The outcome proved that the soundproof plate remained closed to a low wind velocity range under any magnetic conditions, and opened when the wind velocity exceeded a certain value. Moreover, it was shown that the wind velocity increased as the magnetic attractive force grew by reducing the distance between facing magnets. It was also found that it is possible to adjust the distance of the facing magnets so that the soundproof plate opened only when the wind velocity reached 35m/s, which corresponds to a wind load of 1.5kPa and a distance between facing magnets of about 5mm. Figure 7 is a picture of the wind tunnel test set up along with an example of the results obtained when the soundproof plate was adjusted to open to a wind speed of 35m/s. The load applied to the sound proof panel increased simply as the wind velocity rose to 35m/s; when the wind velocity reached 35m/s, the load dropped sharply, corresponding to the opening of the plate.
In this test, because of the limited capacity of the equipment, wind velocity could only be raised to 40m/s. However, based on the following equation it is recognized that the wind load is kept below 4.5kN (1.5kPa×3m 2 the area of the soundproof panel) even with a wind blowing at 3kPa (50m/s).
Where, p L is a maximum value of the wind load in design of viaduct (3kPa), S F is a total area of the fixed elements (m 2 ), S R is a total area of the rotary elements (m 2 )，q is an angle between the sound -proof plate and the gravity axis (85°; given based on the consideration of the equilibrium between the weight of the plate and the wind load)
To be more exact, in the wind tunnel test, the actual wind velocity near the soundproof plate was a little different from that measured by the Pitot tubes in the wind tunnel. The wind velocity in the vicinity of the soundproof plate will be measured as part of the process for developing a practical SSRW.
Measurement of soundproof property
The soundproof properties of the prototype were measured when the soundproof plate was closed. In this measurement, only the soundproof panel (referring to Fig. 6 ) was used as a specimen.
Given the presence of rubber strips around the panel frame on the prototype to prevent sound leakage, this opportunity was taken to verify how effective these strips were. Consequently, in addition to the soundproof panel with magnets (i.e. so that the soundproof plate can be opened with a wind of 35m/s), a specimen soundproof panel was prepared for the prototype where all sides of the panel were filled with clay. Moreover, for comparison, the soundproof properties of a simple plate made of polycarbonate of 8mm thickness, which is the standard material currently used for installations above existing walls, were measured. The method for making measurements was as follows: Sound transmission loss, which is a representative index of the soundproof properties, was measured based on JIS A 1441-1:2007 (Acoustics-Measurement of sound insulation in buildings and of building elements using sound intensity). The measurements were taken in a reverberant (sound source) room and an anechoic (sound receiver) room, illustrated in Fig. 8 . The specimen was placed in the space (about 3.6×2.4m
2 ) provided between the two rooms The area around the specimen was filled with sound isolating board and clay. Pink noise was generated by a speaker set in the sound source room, and sound pressure level was measured by five microphones of type 4165 (B &K Co. Ltd.) in the sound source room; the acoustic intensity vertical to the surface of the specimen was measured by an intensity microphone type 4197 (B &K Co. Ltd.) in the sound receiver room. The average sound pressure level was calculated for both rooms, and the sound transmission loss was obtained from the difference between them. Figure 9 shows the results of the sound transmission loss. From this, it is revealed that in all frequency bands, the sound transmission loss of the soundproof panel fixed by standard conditions satisfied the initial target value of 16dB.
From Fig.9 , it can also be said that there was only a minor difference between the values of sound transmission loss between the soundproof panel in which the soundproof plate was placed in standard conditions and when all sides were filled with clay. This insight reveals that there is very little sound leakage from the soundproof plate frame with the SSRW under standard conditions.
Moreover, results demonstrated that the transmission loss with SSRW under standard conditions was the same as or a little higher than that of the simple plate made of polycarbonate.
Conclusions
The SSRW is now being developed as a means to offer high performance soundproofing without drastic structural reinforcement work thanks to its wind-load mitigation system. Results from magnetic field analysis required for designing the SSRW and tests using a full-scale prototype for the verification of its mechanism and properties for the practical use, the following conclusions were obtained: (1) As the result of magnetic field analysis of neodymium magnets used on a miniature prototype, it was found that the maximum value of the magnetic attractive force parallel to the magnetic surface of the magnet is about 7N. This value agrees approximately with that presumed from experimental results and it was veri- fied that the magnetic attractive force of magnets required to control the soundproof plate of the SSRW can be roughly predicted by magnetic field analysis. (2) A full-scale prototype of 3m×1m was built and for load tests. Results demonstrated that it was possible to adjust the prototype SSRW so that the soundproof plate only opened when the concentrated force was equivalent to a uniform wind load of 1.5kPa. (3) The results of a series of wind tunnel tests on the prototype in a large-scale low-noise wind tunnel revealed that the prototype could also be adjusted so that the soundproof plate only opened when the wind velocity reached 35m/s which corresponds to a load of 1.5kPa. (4) The result of measured soundproof properties of the soundproof plate in closed position proved the prototype under standard conditions had the property which is the same as or a little better than that of the conventional plate used to raise the height of soundproof barriers. Consequently, a basic SSRW structure was developed. However, in order to actually install the SSRW along railway viaducts, further verifications into endurance and reliability for outdoor use over a long period of time are necessary. To this end, investigation of the SSRW is being continued.
